One challenge in the treatment of substance use disorders is to re-engage the interest toward non-drug-related activities. Among these activities, social interaction has had a prominent role due to its positive influence on treatment outcome. Aims and methods: Our aim was to study whether the presence of a social stimulus during the cocaine-induced conditioned place preference test was able to reduce the time spent in the drug-paired compartment. For that purpose, mice were trained for four days on a conditioned place preference task with one compartment paired with cocaine and the opposite with saline. On the test day, we introduced an unfamiliar juvenile male mouse into the saline-conditioned compartment (inside a pencil cup) to analyse the animal preference towards the two rewarding stimuli (cocaine vs mouse). Additionally, to discard the possible effect of novelty, as well as the housing condition (social isolation) on social preference, we decided to include a novel object during the test session, as well as perform the same conditioned place preference protocol with a group of animals in social housing conditions. Results: The social stimulus was able to reduce the preference for cocaine and enhance the active interaction with the juvenile mouse (sniffing) compared to the empty pencil cup paired with the drug. The introduction of a novel object during the test session did not reduce the preference for the cocaine-paired compartment, and interestingly, the preference for the social stimulus was independent of the housing condition. c-Fos immunohistochemistry revealed a different pattern of activation based on cocaine-paired conditioning or the presence of social stimulus. Conclusions: These results suggest that social interaction could constitute a valuable component in the treatment of substance use disorders by reducing the salience of the drug.
Introduction
Substance use disorder (SUD) is characterised by a compulsive seeking of the drug despite its long-term consequences on health and well-being (Girczys-Połedniok et al., 2016; Haas et al., 2009) . Therefore, switching the preference towards non-drug-related activities or stimuli constitutes one of the main objectives of SUD treatment, since it has been found that natural rewards become devalued as a consequence of repeated drug use (Carelli and West, 2014; Volkow et al., 2004) . In regards to the latter, it has been described that when the access to a natural reward, such as saccharin, is associated with a greater opportunity of cocaine selfadministration, rats showed a lower preference for saccharin and greater drug self-administration behaviour (Grigson and Twining, 2002) . This idea is consistent with the reward comparison hypothesis which suggests that the value of a natural reward is reduced, at least initially, due to the potent rewarding properties of the drug (Wheeler et al., 2008) . In a drug-choice procedure, where the animal has to choose between a drug reinforcer or an alternative non-drug reinforcer (e.g. palatable food) under different schedules of reinforcement, mixed results have been found depending on the amount of food available relative to a constant cocaine dose (Huskinson et al., 2015; Nader and Woolverton, 1992) . Nevertheless, most studies indicate that cocaine use is difficult to disrupt, even in the presence of valuable alternative rewards (Moeller and Stoops, 2015) . However, there are also studies in which monkeys and rodents decreased drug self-administration when palatable food was available (Banks and Negus, 2017) .
A common feature of these studies in preclinical models is the use of palatable food as a natural reward rather than another The presence of a social stimulus reduces cocaine-seeking in a place preference conditioning paradigm rewarding stimulus such as social interaction. For instance, it is well known that social interactions and recreational social activities constitute a potent reward for humans and as a consequence, promoting the development of positive social interactions is an important component of several treatments of psychiatric disorders (Argentzell et al., 2014; Patin and Hurlemann, 2015) . Hence, both inpatient and outpatient treatments for humans with SUD include activities which enhance voluntary contact with other subjects due to the fact that impaired social interaction results in a preference for the drug which aggravates the progression of the disease (Sampedro-Piquero et al., 2018a; Stitzer et al., 2011) . Nevertheless, its impact on animal models of addiction has been scarcely addressed constituting a substantial translational problem (Venniro et al., 2018) . Fortunately, some studies using the conditioned place preference (CPP) paradigm have found that concurrent conditioning for social interaction in one compartment and intraperitoneal (i.p.) injections of cocaine (15 mg/kg) in the other compartment, led to similar times spent in both conditioning compartments, suggesting that both social interaction and 15 mg/kg cocaine have a comparable reward strength (Fritz et al., 2011b) .
The neural mechanisms mediating reward interactions between natural rewards and drugs of abuse are largely unknown. A brain region highly involved in reward processing of both abuse drugs and natural rewards is the nucleus accumbens (Acb) (Carlezon and Thomas, 2009; Di Chiara and Imperato, 1988; Kelley, 2004 ) whose core and shell subregions have shown a differential role in a CPP for cocaine vs social interaction, respectively (Fritz et al., 2011a) . Other key brain regions, such as the medial prefrontal cortex (mPFC), the amygdala, the anterior cingulate cortex and the anterior insula have also been associated with different aspects of social behaviour (Barak and Feng, 2016) . In general, evidence suggests that social interaction and abused drugs share neurobiological underpinnings and, due to this fact, when a social stimulus is present it is able to decrease the salience of drugassociated contextual stimuli (El Rawas et al., 2012; Kummer et al., 2011) .
Therefore, our aim was to investigate whether the presence of a social stimulus (an unfamiliar one-month-old male mouse) during the cocaine-induced CPP test was able to reduce the time spent in the drug-paired compartment, and as a consequence, the seeking of the cocaine reward. To date, we are not aware of any studies in which social interaction was provided at this experimental stage in C57BL/6J mice, so it could give us information about the impact of this natural reward when drug conditioning is established. Our study would complement the findings shown by Fritz et al. (2011a) because the introduction of the social interaction on the test day and not during the extinction sessions could reveal more information about the protective role of this stimulus when cocaine CPP has been established and no previous experience with this natural stimulus has occurred. On the other hand, the introduction of the social interaction on the test day would reveal more clearly the impact this stimulus would have when a high drug expectation exists. Additionally, whether our results suggest a positive effect of social interaction on reducing CPP for cocaine, it could constitute a key element within treatment avenues. In addition, we analysed the pattern of c-Fos expression which has shown to be a reliable marker to characterise neuronal activation in brain regions involved in addiction circuitry (Cruz et al., 2015; Kabbaj and Akil, 2001; Regier et al., 2012) as well as in social interaction (Hodges et al., 2018; Perkins et al., 2017) .
Material and methods

Animals and experimental conditions
Fifty-seven male C57BL/6J mice were acquired from the Janvier Labs (Le Genest-Saint-Isle, France) at three months of age and underwent one week of acclimatisation before the experiment started. Mice were single-housed in cages containing nesting material, water and food provided ad libitum, in a 12-hour lightdark cycle (lights on at 08:00) at standard humidity and temperature conditions. Procedures were in accordance with the European (Directive 2010/63/UE) and Spanish regulations (Real Decreto 53/20130 and Ley 32/2007) for animal research. The experimental protocols were approved by the research ethics committee of the University of Málaga (code: CEUMA 24-2018-H).
The mice were randomly assigned to a vehicle (VEH, n=10), vehicle+social stimulus (VEH+SOC, n=10), cocaine control cage (COCcage, n=9), cocaine conditioning (COC, n=14), and cocaine+social stimulus (COC+SOC, n=14). Juvenile C57BL/ 6J male mice were also acquired from the Janvier Labs (Le Genest-Saint-Isle, France) at three weeks of age, which also underwent one week of acclimatisation before the experiment started. Juvenile mice were group-housed (n=8) in cages containing nesting material, water and food provided ad libitum and under the same conditions of light, humidity and temperature as the rest of the animals.
Additionally, to discriminate whether the impact of the juvenile mouse was due to its social nature or due to a novelty effect, we decided to study the effect of a non-aversive and novel stimulus (a Rubik's cube) in two new experimental groups, cocaine+object (COC+OB, n=14) and vehicle+object (VEH+OB, n=10) . Besides, owing to the fact that the mice were housed in isolated conditions, it could have had an impact on animal behaviour during the CPP test in which the juvenile mouse was included. Hence, we carried out the same CPP protocol described in the main manuscript with a group of eight animals (three months old) housed all together in a cage (21.5 cm×46.5 cm×14.5 cm). More methodological details and results from these groups are shown in the Supplementary Material Information. All the experiments were conducted during the light phase of the light/dark cycle following previous standardised and published protocols from our group (Castilla-Ortega et al., 2016; Ladrón de Guevara-Miranda et al., 2018; Zambrana-Infantes et al., 2018) .
Cocaine-induced CPP and data collection
Our CPP protocol was based on previously published methods (Castilla-Ortega et al., 2016; Ladrón de Guevara-Miranda et al., 2016; Solinas et al., 2008) and it is depicted in Figure 1 . The CPP apparatus (Panlab, Barcelona, Spain) consisted of two equally sized compartments (20 cm×18 cm×25 cm height) that were clearly different from each other in the pattern of the walls (white dots over a black background vs stripes in white and grey tones) and in the shapes of their corners. A corridor made of clear plexiglass interconnected both compartments which had sliding doors. During the habituation (pre-conditioning phase) and conditioning days, we introduced an empty pencil cup (10 cm×9.5 cm) within each compartment. Each pencil cup was comprised of metal wires to allow for air exchange between the interior and exterior (1.5 cm between metal wires). The distance between the metal wires was small enough to prevent fighting and aggressive behaviour, but it allowed a certain degree of social contact (i.e. sniffing) which constituted a key factor involved in social interaction reward. The reason for including the pencil cup from the beginning of the experiment was due to the fact that if we were to introduce the social stimulus into the cup in the CPP test phase, it would have been difficult to discriminate whether the animals explored this compartment more due to the novelty of the pencil cup or the juvenile mouse placed inside it. Unfamiliar mice were habituated to being enclosed in the pencil cups for five minutes daily on two consecutive days prior to the experiment.
On day 1 (pre-conditioning), mice underwent a habituation session for 20 min to analyse a possible spontaneous preference for one compartment through the time spent in each one. On days 2 and 3, mice were left undisturbed in their home cage (days off). Based on the results of the pre-conditioning session, on days 4-7, cocaine-induced CPP was performed, and mice belonging to the COC and COC+SOC groups received a daily i.p. injection of 10 mg/kg of cocaine hydrochloride (Sigma, St Louis, USA) dissolved in saline. Cocaine was paired with a randomly assigned compartment for mice that spent an equal amount of time in both compartments during the habituation session (unbiased protocol), but it was paired with the least preferred compartment for the mice that had shown a spontaneous preference (difference >10% time) for one compartment (biased protocol) (COC group, five animals out of a total of 14; COC+SOC group, eight animals out of a total of 14) where they spent 15 min. Three hours after the cocaine trial (time required by cocaine to be eliminated from the brain), mice were injected with saline and placed again for 15 min in the opposite compartment. The interval of three hours between sessions was used as cocaine is rapidly cleared from the brain (with a half-life of 22.3 min after i.p. injection in C57BL6 mice (Azar et al., 1998) . Cocaine and saline sessions were counterbalanced across the four days in the following sequence: day 4: cocaine/saline, day 5: saline/cocaine, day 6: cocaine/saline, and day 7: saline/ cocaine. Throughout the place conditioning, video recordings of the sessions were registered to analyse the distance travelled (cm) which was significantly increased under the cocaine effect. (n=9), performed the behavioural protocol depicted in the figure. On Day 1, the mice were given a pre-conditioning session consisting of a 20-minute trial to freely explore the entire conditioned place preference (CPP) apparatus. On days 2 and 3, animals were undisturbed in their home cage. On days 4-7, the conditioning phase was carried out with the sliding doors closed. A combined biased and unbiased design was used for conditioning, so cocaine was paired with a randomly assigned compartment for mice that spent an equal amount of time in both compartments during the habituation session, but it was paired with the least preferred compartment for the mice that had shown a spontaneous preference (difference >10% time) for one compartment. The mice received a daily intraperitoneal (i.p.) injection of 10 mg/kg of cocaine hydrochloride (Sigma, St Louis, USA) dissolved in saline and were immediately confined in the cocaine-paired compartment for 15 min. After an interval of three hours, they were injected with saline and confined for 15 min in the opposite compartment (in a counterbalanced order). On day 8, animals were maintained undisturbed in their home cage, and finally, on day 9, they performed CPP test sessions (20 min) in which the social stimulus was introduced in a pencil cup in the non-cocaine conditioned compartment. The colour of the syringes refers to the compartment in which the animals received the injection of saline or cocaine during the conditioning phase. Ninety minutes after completing the test session, the mice were intracardially perfused. COC: cocaine conditioning; COC+SOC: cocaine+social stimulus; VEH: vehicle; VEH+SOC: vehicle+social stimulus.
On day 8, mice were again left undisturbed in their home cage (day off). On the test day (day 9), mice received the saline injection, and they had free access to both compartments for 20 min. In this session, mice of the COC+SOC group could choose to visit the cocaine-paired compartment or visit the opposite compartment in which another unfamiliar mouse was present for the first time (1 month-old male mouse) inside the pencil cup allowing the nose to nose contact and sniffing between them. In the case of VEH+SOC group, the social stimulus was placed in the least preferred compartment during the pre-conditioning session. In the COC and VEH groups, the social stimulus was not present and they had to choose between the cocaine-paired compartment and the neutral compartment (saline-paired compartment) or between two neutral compartments, respectively. Place preference in the test session was expressed as a CPP score ((seconds spent in the cocaine-paired compartment -seconds spent in the saline-paired compartment)/the total seconds spent in both compartments)×100), such that a preference for the drug-paired compartment over the saline-paired compartment would yield a CPP score greater than zero, while a CPP score close to zero would indicate an absence of discrimination between the compartments or a preference for the social stimulus in the case of the COC+SOC group. During the test session, we also analysed manually the time spent by the mice interacting actively with the empty pencil cup placed inside the cocaine or saline paired-compartments (climbing and touching it with the nose or forepaws) or with the pencil cup containing the social stimulus (sniffing). Behavioural variables were analysed by the software Ethovision XT. 12, Noldus, Wageningen, Netherlands. After each session, the apparatuses were carefully cleaned with a solution of 70% alcohol to remove the odour cues. The experimental procedure and the behavioural measures performed in the COC+OB and VEH+OB groups are displayed in the Supplementary Material Methods.
Immunohistochemistry and cell quantification
Ninety minutes after the mice completed the CPP test session, they were intracardially perfused for brain tissue processing with 0.1 M phosphate-buffered saline (PBS), pH 7.4, and 4% paraformaldehyde solution in PBS. Brains were post-fixed for 48 h in paraformaldehyde at 4°C, after which they were dissected through the interhemispheric fissure. The right hemisphere (which was arbitrarily chosen to perform the immunohistochemical procedures) was cut into coronal sections (45 µm) using a vibratome (MICROM HM 650V, Thermo Scientific) and following a 1/6 serialisation (every sixth brain slice was analysed leaving five sections without evaluating). The distance between the selected sections was 225 µm. Immunohistochemistry was performed in free-floating sections using extravidin-conjugated peroxidase and diaminobenzidine as the chromogen with nickel at 0.04% as previously described (Castilla-Ortega et al., 2011; Sampedro-Piquero et al., 2018b) . In order to investigate the neuronal activity pattern following the CPP test with or without the social stimulus, we studied the expression of the early immediate gene c-Fos (the primary antibody was the mouse monoclonal anti-c-Fos (sc-271243) Santa Cruz Biotechnology; diluted 1:1000). The secondary antibody was the polyclonal rabbit anti-mouse immunoglobulins biotinylated (Dako Denmark; diluted 1:500). Donkey serum (Millipore, S30-100 mL) was used to block non-specific binding to various sites in the tissue as well as the plastic ware employed in the procedures. More details on the immunohistochemistry protocol are displayed in the Supplementary Material Information.
The brain regions of interest were the mPFC (prelimbic cortex (PL) and infralimbic cortex (IL)), the septal nuclei (medial septum (MS) and lateral septum (LS)), the striatum (dorsomedial (DM) and dorsolateral (DL)), the insular cortex (IC), the nucleus Acb (Acb core (AcbC) and Acb shell (AcbSh)), the amygdala (basolateral (BLA) and central (CeA)) and the hippocampus (dentate gyrus (DG) granule cell layer and cornu ammonis (CA3 or CA1) pyramidal cell layer). The area of each region of interest was drawn, measured, and the positive cells within the region were manually counted and expressed as their average number per unit area (mm 2 ). The counting was conducted by an experimenter blind to the experimental condition. For this purpose, we used the software ImageJ (US National Institutes of Health, Maryland, USA) (Ladrón de Sampedro-Piquero et al., 2018b) . Representative photographs of c-Fos immunoreactivity for each brain region analysed is shown in Figure 2 along with their Bregma levels.
Statistical analysis
Repeated measures analysis of variance (RM ANOVA) was carried out followed by honestly-significant-difference (HSD) Tukey's post-hoc test when significant differences were found between groups. A one-sample Student's t-test was performed to compare the means of the time spent actively interacting with the empty or social pencil cup. In addition, Pearson's correlations were performed to analyse the possible relationship between the variables CPP test score, time of active interaction, and locomotion (distance travelled). Finally, changes in c-Fos expression were analysed with one-way ANOVA (factor: groups) and HSD Tukey's post hoc test was performed when differences among groups were found. Only statistically significant differences (p⩽0.05) are displayed. Data are expressed as mean±standard error of the mean (SEM). Additional analysis and results to determine the effect of novelty on cocaine-induced CPP, as well as the influence of the housing condition on the social preference, are described in the Supplementary Material Information.
Results
Behavioural results
RM ANOVA showed a significant interaction in days×groups (F(9,126)=2.44, p=0.014) revealing that the cocaine groups (COC and COC+SOC) significantly increased their locomotor activity during CPP training compared with the vehicle groups (VEH and VEH+SOC) (Figure 3(a) ).
In our pre-conditioning test, we found no statistically significant difference in the amount of time spent in each compartment between groups (F(3,44 Representative photographs of the areas quantified for c-Fos (brain hemispheres were separated, and only the right hemisphere is shown). c-Fos images belong animals from cocaine+social stimulus (COC+SOC) group. Bregma references (Paxinos and Franklin, 2001 ) are shown in the images which were taken at 4× magnification. AcbC; accumbens core; AcbSh: accumbens shell; BLA: basolateral amygdala; CA: cornu ammonis; CEA: central amygdala; DG: dentate gyrus; DL: dorsolateral; DM: dorsomedial; IC: insular cortex; IL: infralimbic; LS: lateral septum; MS: medial septum; mPFC: medial prefrontal cortex; PL: prelimbic. compartment: 491.563±18.882; COC+SOC group, stripped compartment: 457.280±31.611; pointed compartment: 497. 114±32.967) (Figure 3(b) ). In contrast, in the test session, we found significant differences between groups (F(3,44)=17.24, p<0.001). A post-hoc analysis revealed a cocaine-induced conditioning in the COC group (VEH and COC groups, p<0.001), which was attenuated by the presence of a social stimulus (COC and COC+SOC groups, p<0.001). However, the COC+SOC group spent less time in the social compartment (p<0.001) compared to the VEH+SOC group. Finally, vehicle mice were highly attracted to the social stimulus (VEH and VEH+SOC, p<0.001). Interestingly, comparisons were made between the pre-conditioning and test phases revealing that the COC group increased its preference for the compartment paired with the drug (t13=−5.799, p<0.001) and VEH+SOC showed an increased preference for the social compartment (t9=2.103, p=0.04). COC+SOC group had a similar CPP score in both experimental stages revealing that social interaction was able to interfere with cocaine CPP expression (t13=−1.076, p=0.292) (Figure 3(b) ).
During the test session, both the VEH+SOC and COC+SOC groups spent more time actively interacting with the social stimulus (Figure 3(c) , compartment 1) (t9=11.961, p=0.021; t13= 11.537, p=0.013, respectively) compared to the empty pencil cup (Figure 3(c) , compartment 2). In the case of the COC group, mice spent more time interacting with the pencil cup placed in the cocaine-paired compartment (t13=9.690, p=0.015). The VEH+ SOC and COC+SOC groups spent a similar time in the social compartment, but significant differences were found in the opposite compartment (saline-paired or cocaine-paired compartment depending on the group) (t23=2.691, p=0.03) (Figure 3(c) ).
In general, Pearson's correlation analysis showed a negative relationship between the CPP test score and the active interactions (r=−0.397, p=0.008), as well as a positive relationship between the locomotion during the CPP conditioning and the CPP test score (r=0.377, p=0.011). We also analysed the correlation between these behavioural variables for each experimental group. We observed a significant negative correlation between the CPP score and the active interaction with the social stimulus in the COC+SOC and VEH+SOC groups (r=−0.699, p=0.008; r=−0,940, p<0.001, respectively). In the VEH group, the locomotion of the animals was negatively related to active interaction with the empty pencil cup (r=−0.715, p=0.02). Interestingly, in the COC group, we observed a negative correlation between the locomotion during the second conditioning day and the CPP score (r=−0.693, p=0.01) which could suggest that there was a low initial locomotor response to cocaine enhanced the CPP to cocaine during the test session.
c-Fos results
One-way ANOVA revealed significant differences between groups in all brain regions studied except the BLA (PL: F(4,52)=17.252, p<0.001; IL: F(4,52)=8.586, p<0.001; LS: Figure 3 . Behavioural variables registered during the experiment. (a) Animals showed hyperlocomotion when exposed to 10 mg/kg of cocaine in contrast to saline-injected animals. Significant differences were found between groups across the conditioning days (p=0.014) showing that cocaine groups significantly increased their locomotor activity compared with vehicle (VEH) groups. Post-hoc analyses revealed the following differences: Day 1: cocaine conditioning (COC)/cocaine+social stimulus (COC+SOC), #p<0.05; COC/VEH, * p<0.05; COC/vehicle+social stimulus (VEH+SOC), * p<0.05; COC+SOC/VEH+SOC, * p<0.05; Day 2: COC/VEH, * p<0.001; COC/VEH+SOC, * p<0.001; COC+SOC/VEH+SOC, * p<0.001; Day 3: COC/VEH, * p<0.001; COC/VEH+SOC, * p<0.001; COC+SOC/VEH+SOC, * p<0.001; Day 4: COC/VEH, * p<0.001; COC/VEH+SOC, * p<0.001; COC+SOC/VEH+SOC, * p<0.001). (b) Significant differences between groups were not found in the pre-conditioning test (p=0.078). In the conditioned place preference (CPP) test, we found significant differences between groups (p<0.001). The COC group showed preference for the cocaine-paired compartment ( + p<0.001), whereas this effect was attenuated by the presence of a social stimulus ( * p<0.001). Saline-injected mice were highly attracted by the social stimulus ( & p<0.001) . Comparisons between the pre-conditioning and test phases revealing that the COC group showed preference for the compartment paired with the drug ( * p<0.001) and the VEH+SOC group preferred the social compartment ( * p=0.04). (c) Time spent interacting with the different pencil cups (s). Social groups (VEH+SOC and COC+SOC) spent more time interacting with the social stimulus ( * p<0.001; + p<0.001, respectively). In the case of the COC group, mice spent more time interacting with the pencil cup placed in the cocaine-paired compartment (#p<0.001). Finally, although VEH+SOC and COC+SOC groups spent similar time interacting with the social stimulus, differences were found in the opposite compartment (saline-paired or cocaine-paired compartment depending on the group) ( & p=0.03). Results are represented as mean±standard error of the mean (SEM). F(4,52) =3.394, p=0.016; MS: F(4, 52)=5.879, p<0.001; DM: F(4, 52)=18.467, p<0.001; DL: F(4, 52)=49.958, p<0.001; Core: F(4, 52)=9.433, p<0.001; Shell: F(4, 52)=7.538, p<0.001; BLA: F(4, 52)=0.194, p=0.463; CeA: F(4, 52)=33.475, p<0.001; CA1: F(4, 52)=32.120, p<0.001; CA3: F(4, 52)=36.044, p<0.001; DG: F(4, 52)=14.880, p<0.001; IC: F(4, 52)=37.157, p<0.001) . HSD Tukey's post-hoc test was performed to analyse which groups showed significant differences and the results are displayed in the following sections and in Figure 4 .
Cocaine administration in the home cage produced an increase of c-Fos expression in some of the brain regions analysed, but most of the changes in neuronal activity are related to cocainepaired conditioning.
Cocaine injections in the home cage induced an increase of c-Fos expression compared with the VEH group in the dorsal and lateral striatum (p=0.04; p<0.001 respectively), the DG (p=0.007), and the IC (p=0.002). On the other hand, the comparison between the COCcage and COC showed that cocainepaired conditioning increased c-Fos expression in the PL cortex (p<0.001), the AcbC and AcbSh nuclei (p<0.001; p=0.035, respectively), the CA1 and CA3 hippocampal subregions (p=0.0002; p=0.00013, respectively), and the IC (p=0.0010) compared to the group which received drug administration in their home cage. This results seemed to suggest that our c-Fos expression enhancement observed in some brain regions were probably due to the CPP condition and not only due to the cocaine effect.
c-Fos expression involved in the cocaine-induced CPP test was increased in several brain regions compared to the vehicle group.
The COC group had a higher c-Fos expression compared to the VEH group in the PL cortex (p=0.008), the dorsal and lateral striatum (DM: p<0.001; DL: p<0.001), the AcbC (p<0.001), and the AcbSh (p<0.001), the CeA (p<0.001), the different hippocampal subfields CA1, CA3 and DG (p<0.001) and the IC (p<0.001).
The social factor enhanced the neuronal activity of the hippocampal subregions and the IC, whereas it reduced the c-Fos expression of the CeA.
The neuronal activity of the VEH+SOC group was increased in comparison to the VEH group in the IC (p<0.001) and in the CA1 and DG (p<0.001) of the hippocampus. In contrast, the c-Fos expression in the CeA (p<0.05) was reduced in the social group.
The presence of an unfamiliar mouse during the cocaineinduced CPP test increased the neuronal activity in the DG.
The COC+SOC group only showed higher neuronal activity in the DG (p=0.03) compared with the COC group.
Discussion
The data presented in this study provide novel evidence about reward comparison and choice procedure during a cocaineinduced CPP test. Our behavioural results suggest that reward comparison also can lead to a reduction of preference for a drug by a highly reinforcing natural reward (social stimulus). Specifically, we found that when mice had the option to choose between a cocaine-paired compartment and a compartment where an unfamiliar mouse was placed, animals spent more time in the latter, actively interacting with the animal. Moreover, the positive effect of the social stimulus was observed both in mice housed in social and isolated conditions and it was not found when an inanimate novel stimulus was used (Rubik's cube) (more details in Supplementary Material Information). This last result seems to emphasise that any novel stimulus is not enough to reduce the preference for the drug.
This high-rewarding value of the social stimulus was also found in Fritz et al.'s study (2011b) in which pairing a social stimulus with the previously saline-associated compartment during several extinction training sessions shifted the rats preference towards social interaction reward. Additionally, in other experiments in which rats were concurrently conditioned for place preference by pairing cocaine with one compartment and social interaction with the other, a higher preference for social stimulus (Fritz et al., 2011a) or a similar preference for both rewards (Kummer et al., 2014) was also observed. In contrast, there are also findings which indicate that cocaine impaired the motivation for social interaction during social vs cocaine conditioning (Liu et al., 2016) . A possible explanation provided by the authors is that social interaction could lose its attractiveness after the first 15 min, which may explain in part the highly rewarding effect found in our CPP test session (20 min). It is also worth mentioning that a common aspect of these studies is that they used a rat of the same weight and gender as the social stimulus, whereas in our study a younger conspecific was employed (one month old vs three months old). The reason for including a juvenile mouse is that it was found to be more reinforcing than an age-matched non-familiar animal in the CPP paradigm (Bariselli et al., 2018) . Another interesting point is that we used a mouse strain (C57BL/6J) which is known to be prone to cocaine self-administration (Thomsen and Caine, 2011) , as well as cocaine-induced CPP (Wang et al., 2014) and, despite this fact, we found a beneficial effect of social factor. Nevertheless, also shown is that the effectiveness of alternative reinforcing stimuli may be higher among subjects prone to addiction due to the preference for novel sensations and stimuli (Bardo et al., 2013) . According to this, the anticipatory dynamics model (Anselme, 2009) , based on the incentive-sensitisation theory, proposes that motivation for natural rewards is increased by drug-induced dopamine release given that substance consumption seems to sensitise an individual to natural rewards. This fact occurs when drug dosage is moderate and especially, when the administration period is short (no more than 10 injections) (Taylor and Jentsch, 2001) and not when drug consumption is excessive and sustained (Robinson and Berridge, 2000) . As a consequence, social interaction not related to drug consumption episodes could have an interesting clinical application in the treatment of SUD as it could compete with the reinforcing value of the cocaine. Besides, this positive effect could be higher when drug consumption has not been excessive or prolonged over time (Taylor and Jentsch, 2001) .
Concerning the VEH+SOC and the COC groups, our results were congruent with those expected showing that saline-injected animals spent more time in the compartment containing the unfamiliar juvenile mouse compared to the empty compartment (Van Loo et al., 2004) , whereas cocaine-injected mice showed robust preference for the cocaine-paired compartment (Itzhak and Martin, 2002; Ladrón de Guevara-Miranda et al., 2018; Mueller and Stewart, 2000) .
Finally, the behavioural variables analysed (locomotion, CPP score and time of active interaction) were shown to be related between them. Interestingly, a high CPP score, which supposes a high preference by the cocaine-paired compartment, was negatively related to the time that the mice spent interacting actively with the social stimulus in the COC+SOC groups. This finding seems to support again the reduction of drug preference in this group. Interestingly, our results also revealed that low levels of locomotion activity during the initial sessions of CPP to cocaine were negatively correlated with the CPP score during the test Figure 4 . Effect of the different experimental conditions on c-Fos expression. Cocaine-induced conditioned place preference (CPP) increased the neuronal activity in the hippocampus and the amygdala, in the medial prefrontal cortex (mPFC), as well as in the accumbens (Acb) and striatal nuclei when it was compared to the vehicle (VEH) group ( * p⩽0.05). On the other hand, the only administration of cocaine in the home cage did not induce c-Fos changes observed after cocaine CPP ( # p⩽0.05). In the saline-injected mice (vehicle+social stimulus (VEH+SOC) group), the presence of an unfamiliar mouse in one compartment of the CPP cage increased the c-Fos levels in the accumbens (Acb) core (AcbC) nucleus, the insular cortex (IC) and in the hippocampal subregions CA1 and the dentate gyrus (DG), whereas the neuronal activity was reduced in the prelimbic (PL) cortex and the central amygdala (CeA) ( + p⩽0.05). The comparison between the cocaine conditioning (COC) and the cocaine+social stimulus (COC+SOC) group revealed increased c-Fos expression in the DG when the social stimulus was present ( & p⩽0.05). Results show immunopositive cells/mm 2 (mean±standard error of the mean (SEM). COCcage: cocaine control cage; IL: BLA: basolateral amygdala; CA: cornu ammonis; DL: dorsolateral; DM: dorsomedial; IL: infralimbic; LS: lateral septum; MS: medial septum.
session. According to this finding, several studies have also found similar results suggesting the involvement of D 2 dopamine receptors within the striatum in this effect (Allen et al., 2007; Gulley et al., 2003; Merritt and Bachtell, 2013; Sabeti et al., 2003) .
c-Fos expression revealed that cocaine-induced CPP increased the neuronal activity in several brain regions involved in the learning of memories related to drug and contextual stimuli associations (hippocampus and amygdala), in drug-seeking behaviours (mPFC), as well as in drug reward (Acb nucleus) and goal-directed behaviours (striatal nuclei) (Figure 4) . These results are consistent with evidence which indicates that formation and storage of drug-memory representations rely on synaptic plasticity changes mediated by immediate early gene expression (Muñiz et al., 2017; Veyrac et al., 2014) . For instance, the neuronal activity both in the hippocampus and the amygdala not only take part in the cocaine CPP acquisition, but also in the retrieval of drugrelated memories (Castilla-Ortega et al., 2017; Gremel and Cunningham, 2008) , the reconsolidation (Wells et al., 2011) and the reinstatement (Bossert et al., 2013; Sharp, 2017) . Additionally, it has been found that dopamine enhancement induced by the drug could be involved in increasing c-Fos expression in striatal neurons promoting the codification of conditioned drug behaviours (Cruz et al., 2015) . Regarding the mPFC and its connections with subcortical areas, it seems to play an important role in controlling the psychomotor activity toward drug-oriented behaviours, such as reward processing and salience detection (Cadet and Bisagno, 2013; Dalley et al., 2004; Moorman and Aston-Jones, 2015) . In the case of the IC, recent studies have begun to consider that this brain region has a putative involvement in cocaine-seeking behaviours (El Rawas et al., 2012; Moschak et al., 2018; Venniro et al., 2018) . Specifically, it seems to be a critical element mediating contextual control over cocaine-seeking behaviour (Arguello et al., 2017) .
In the saline-injected mice (VEH+SOC group), the presence of a juvenile unfamiliar mouse in one compartment of the CPP cage increased the c-Fos protein levels in the AcbC nucleus, the IC and in the hippocampal subregions CA1 and the DG, whereas neuronal activity was reduced in the PL cortex and the CeA (Figure 3(a) ). With regards to the AcbC nucleus, Dölen et al.'s group (2013) suggested that the rewarding properties of social interaction in mice require the coordinated activity of oxytocin and serotonin neurons in this Acb subregion. Moreover, we also found that the neuronal activity of this brain region was positively correlated to the time spent actively interacting (sniffing) with the juvenile mouse (Figure 3(b) ). The role of the IC in social behaviour has been little addressed, but it has been shown that inhibition of this cortex impaired social cognition and disrupted social affective behaviours (Rogers-Carter et al., 2018) . This cortical region has been considered as a locus of multisensory integration, and in rodents, it is well known that exchanging of different sensorial information occurs during the social interaction in rodents (Insel and Fernald, 2004) . For its part, the hippocampus could facilitate the acquisition of social memory allowing the subsequent recognition of previously encountered conspecific and retrieval of relevant information related to the context where the social stimulus was found (Montagrin et al., 2018) . For instance, hippocampal lesions impair the robust recognition that adult mice typically exhibit a juvenile mouse (Kogan et al., 2000) . Finally, convergent evidence from clinical and preclinical studies supports a role for the mPFC and the amygdala network on stress and fear-related behaviours (Arruda-Carvalho and Clem, 2015) . Hence, the social stimulus could have led to a positive impact reducing these types of anxious responses in the animals. This reduction of anxiety could have also been mediated by hippocampus activity which is known to impact on the mPFC activity and, in turn, promote downregulation of stressful behaviours mediated by the amygdala and the bed nucleus of the stria terminalis (Cerqueira et al., 2008) .
Finally, when mice had the option to choose between a cocaine-paired compartment and a compartment where an unfamiliar juvenile mouse was placed, we found an increase in the c-Fos expression in the DG (Figure 4) . According to the mentioned involvement of the hippocampus in social memory, the entorhinal cortex and the DG network have been shown to be specifically involved in social discrimination and memory (Leung et al., 2018) . On the other hand, it had been also suggested that the DG is also associated with environmental novelty detection (Hunsaker et al., 2008; Lemaire et al., 1999; Procaccini et al., 2011) which could act as a confounding variable explaining in part the reduction of cocaine preference in the COC+SOC group. Furthermore, and according to Fritz et al.'s study (2011b) , we also observed that the social stimulus during the test session tended to reduce the c-Fos activity in the AcbSh, although statistically significant differences were not found between groups (Figure 4 ). These differences were probably due to the different experimental protocols followed in both studies. In our study, the juvenile mouse was presented only during the CPP test and in their study, the social stimulus was presented several times (four episodes of social interaction) during the extinction sessions, which could have affected more on brain regions involved in the incentive salience of drug-associated contextual stimuli.
In summary, our results highlight the relevance of including social stimuli into studies of addiction due to their positive effect on drug-related behaviours, such as drug-seeking. Furthermore, c-Fos expression seemed to be a reliable marker to analyse the impact of cocaine and social factors on the different brain regions studied. This analysis revealed that the preference for the cocaine or the juvenile stimulus seemed to be related to specific brain regions. Nevertheless, future studies must be carried out to elucidate the neurobiological underpinnings of the reward comparison process.
